Orifice flows were used as water clocks since the Antiquity up to the 16-th century. Today orifices and nozzles are used for measuring discharges. Most works were conducted with steady flow conditions and there is little information on the unsteady flow pattern. In this study, the writers describe an experimental investigation of an unsteady orifice flow discharging vertically. The study was conducted in a large-size facility with a rectangular orifice (0.75-m by 0.07-m) discharging up to 1.2 m 3 in about 10 seconds. The study presents new information on the unsteady flow patterns, the discharge capacity and the velocity field in the reservoir. The results are compared with ''classical'' orifice flow results.
Introduction
Orifice flows were used as water clock (i.e. clepsydra) in ancient Babylon and Egypt as well as in parts of Africa and by some North America Indians. (Hero of Alexandria wrote a treaty on water clocks in four books.) They were in use up to the 16-th century. Today the sand glass uses the same principle with granular material. Orifices and nozzles are used also for measuring discharges. In his study of orifice flows, J.C. de BORDA (1733-1799) made a significant contribution by not only introducing the concept of streamlines but also by developing the "Borda" mouthpiece to measure accurately the orifice flow. When water flow through a sharp-edged orifice, the jet flow contracts to have its smallest section a small distance downstream of the hole. For a horizontal jet, Bernoulli principle implies that the velocity at vena contracta equals where H is the reser-2*g*H voir head above orifice centreline. (This relationship is called Torricelli theorem, after Evangelista TORRICELLI (1608-1647).) By continuity, the orifice discharge equals:
where A o is the orifice cross-section area. The discharge coefficient C D may be expressed as:
where the velocity coefficient C v account for the energy losses and the contraction coefficient C c equals A/A o , A being the jet cross-section area at vena contracta. For a horizontal water jet discharging from an infinite reservoir, C c equals 0.58 and 0.61 for axisymmetrical and two-dimensional jets respectively (HUNT 1968 , JOUKOWSKI 1890 , MICHELL 1890 , MISES 1917 . The value of C c increases with increasing relative nozzle area when the reservoir is of finite dimensions. Most works were conducted with steady flow conditions and there is little information on the unsteady flow properties. In this paper, the writers describe an experimental investigation of an unsteady orifice flow. The study was conducted in a large-size facility with a rectangular orifice (0.75-m by 0.07-m) discharging vertically up to 1.2 m 3 in about 10 seconds. The study is focused on the unsteady flow patterns, the discharge capacity and the velocity field in the reservoir. The results are compared with classical results. It is the purpose of this paper to assess critically the overall state of this topic and to present new compelling conclusions valid for two-dimensional orifice flows discharging vertically.
Experimental configuration
New experiments were performed with a rectangular sharp-edge orifice (0.750-m by 0.070-m) made from a 10-mm thick perspex sheet and located at the bottom of a circular water tank, 0.8-m high with internal diameter ranging from 1.3 m at the base up to 1.35-m at the top (Fig. 1) . The orifice dimensions were selected to minimise scale-effects associated with small-size orifices, and (3) Volume = 1.3889 *(H + 0.01) 1.035455 0 ≤ H ≤ 0.8 m the ratio of width to thickness was chosen to achieve a quasi-twodimensional flow. The orifice was closed by a 4.1-kg steel gate (0.11 m × 0.79 m × 0.006 m). Two L-shaped stiffners were added inside the tank and located parallel to the orifice. Their upper edge was 41-mm above the orifice and they were placed 143-mm apart from the orifice centreline. Flow visualisations suggested that the stiffeners had little effect on the orifice flow for head above orifice larger than 0.1-m. The relationship between the water elevation above orifice edge and water volume was measured in-situ with a calibrated 40-L container :
where H is the total head above orifice edge, with a normalised correlation coefficient of 0.999989. During the experiments, the orifice flow discharged vertically into a large container located at least 1.5-m beneath the orifice. Further experimental details were reported in CHANSON et al. (2000) .
Time origin and system of references
Gate opening resulted from unlatching three pins with a hammer. High-speed video pictures demonstrated that the unlatching occurred in less than 30 milliseconds and the full opening of the gate took about 180 to 230 milliseconds. The time origin (t=0) is taken at the time of impact of the hammer on the pins. The origin of the system of coordinates {x, y, z} is taken at the centre of the orifice with z positive upwards, x along the short orifice centreline and y along the long centreline (Fig. 1) .
Instrumentation
Flow visualisations and nappe trajectory were investigated with two video-cameras : a VHS-C camescope National™ CCD AG-30C (speed: 30 frames/sec., shutter: 1/60 & 1/1,000 sec.) and a digital handycam Sony™ DV-CCD DCR-TRV900 (speed: 30 frames/sec., shutter: 1/4 to 1/10,000 sec., zoom: 1 to 48). Water depths in the tank were measured with pointer gauges and a 0.8-m long capacitance wave gauge. The wave gauge has a 10-Hz response and an accuracy of about 1-mm that was tested during on-site calibration with the pointer gauges. It was calibrated daily by comparing the voltage output with point gauge readings for a range of water heights, and calibration curves were best-fitted to the readings. Velocity measurements were performed with a 3-D acoustic Doppler velocimeter (ADV) Nortek™ ADVLab equipped with a downlooking sensor mounted on a rigid 40-cm stem. (On-site measurements showed that the distance from the sampling volume to the probe tip was 55-mm.) The system was calibrated in factory and it should not need re-calibration. The accuracy on the velocity was expected to be about 0.025 m/s (Nortek 1996) but larger errors were experienced close to the orifice because of the size of the sampling volume. The latter was approximately 6-mm in diameter (Nortek 1996) . The accuracy of the ADV velocity was supposed to equal the velocity difference across the sampling volume. The ADV system was oriented in the yz-plane with a 40-to 60-degrees angle to the horizontal to avoid wake interference caused by the probe tip into the sampling volume. (Flow visualisations confirmed the absence of interference from the probe transducers on the sampling volume.) The three velocity components were reconstructed by a rotation around the Ox axis.
ADV-velocity data noise
High levels of noise were observed in the three velocity component signals. At rest the measured ADV signal represents the Doppler noise itself. Once the orifice gate was opened, the observed velocity fluctuations characterised the combined effects of the Doppler noise, velocity fluctuations and installation vibra- tions. It is acknowledged that the Doppler noise level increases with increasing velocity although it remains of the same order of magnitude as the Doppler noise at rest : e.g., NIKORA and GOR-ING (1998) and more specifically LEMMIN and LHERMITTE (1999) . No turbulence measurement could be performed accurately during the study because the Doppler noise was of the same order of magnitude as (if not larger than) true turbulent velocity fluctuations.
Experimental results. (1) Unsteady flow patterns
The unsteady flow pattern resulting from the gate opening is characterised by an initial phase with rapid aeration of the water next to the orifice (mixing flow), a flow acceleration phase associated with free-jet expansion downstream of the orifice (bursting flow), a quasi-steady flow period and, near the end, a free-surface flow over the orifice edges (Table 1 , Fig. 2 and 3 ). Overall the discharge duration was about 10 seconds for an initial water volume of one thousand litres. Photographs of the orifice flow are shown in Figure 3 . 
Mixing flow / Multiphase flow
In the initial instants following the gate unlatching, the hydrostatic pressure force acting on the gate adds to the weight of the gate and contributes to a rapid gate opening. However the jet flow starts slowly and accelerates with time t. Visual observations with an underwater camera located inside the reservoir showed that some air tends to flow upwards into the reservoir up to and slightly above the orifice edge for t > 0. The duration of this mixing phase is about 67 to 133 ms (2/30 to 4/30 s). The air bubbles are observed to enter all around the gate, although the bubbly flow region is not two-dimensional (Fig. 2) . Little air is observed near the orifice centreline (i.e. y = 0). The maximum elevation reached by the air was about 5 to 10 mm above orifice edge. Afterwards the air was entrained downwards by the jet flow. The flow pattern was observed consistently for 0.3 < H 1 < 0.75 m and t < 67 to 133 ms.
Remark
The gate opening is somewhat analogous to a negative surge at a penstock forebay (e.g. HENDERSON 1966, pp. 322-324; MON-TES 1998, pp. 487-489) . The disturbance (i.e. negative wave) propagates with a speed . (In a particular case, exper-C = g*H 1 imental observations showed that the celerity of the negative surge was (LAUBER and HAGER 1998) .) By anal-2* g*H 1 ogy, the disturbance created by the sudden orifice opening would reach the free-surface at t = H 1 /C = 257 ms for H 1 = 0.65 m : i.e., a time scale similar to the duration of the mixing flow. Another analogy would be the water hammer. The circular tank is somehow analogous to a 1.3-m diameter fibreglass pipe in which the wave celerity is about C~300 m/s. The time period of pressure oscillations in the tank is 4*H 1 /C = 8.7 ms for H 1 = 0.65 m. Such a time frame is one to two orders of magnitude smaller than the duration of the mixing flow.
Bursting jet / Accelerating flow
Once the reservoir water accelerate, the jet flow bursts downwards out of the orifice (Fig. 2 and 3) . The leading edge of the jet is preceded by aerated waters spreading in both the x-and y-directions (i.e. "bursting flow"). Experimental observations indicate that the lateral spread angles of the jet θ x and θ y are nearly independent of the initial total head : i.e., θ x = 33 to 55º and θ y~1 5º for 0.3 < H 1 < 0.75 m. The "bursting flow" lasts about 150 to 230 ms at the orifice. It was initially thought that the "bursting flow" was caused by the sudden expansion of the water volume located between the gate and the orifice (i.e. -33 mm < z < 0) (Fig. 1, bottom) . The writers believe that the flow pattern results instead from the sudden expansion of the air-water mixture generated during the initial instants (i.e. mixing flow phase). Note that, for very-small circular jets (millimetric size) discharging vertically from a cylinder, the leading edge of the jet was observed to have a round bulging shape (STORR and BEHNIA 1999) . It is likely that surface tension prevented the aeration of the jet edges during these experiments.
Quasi-steady flow
After the establishment of the jet flow, the flow pattern becomes quasi-steady. Nappe contraction is observed downstream of the orifice (Fig. 3) The nappe contraction in the y-direction was observed to be: B/B o 0.8 to 0.85. In comparison, for rectangular sharp-crested weirs with side contractions, the lateral contraction of the overflow nappe is about 0.8 (e.g. ACKERS et al. 1978, pp. 59-61) . Dye injection in the tank associated with underwater video-pictures confirmed the smooth flow contraction into the orifice. No dye mixing was observed anywhere anytime in the reservoir. The observation was valid everywhere including around the ADV sensors.
Free-surface overflow / weir overflow
Near the end of each experiment, the orifice becomes a weir. That is, the flow changes from a submerged flow to a free-surface overflow (Fig. 2) . Video observations suggest that the orifice flow becomes a free-surface flow for H/b o 0.43 to 0.51.
Experimental results. (2) Orifice discharge coefficient
For a horizontal jet discharging through a two-dimensional orifice, the flow rate equals:
where B o and b o are the orifice dimensions and C D is a discharge coefficient that takes into account the nappe contraction downstream of the orifice and the energy losses. Assuming that the reservoir free-surface area A is far greater than the orifice area (i.e. A >> B o *b o ), the reservoir surface drops slowly enough and the Bernoulli principle (i.e. Eq. (1)) may be applied with a small error. The continuity equation for an incompressible fluid states that the outflow equals the change of reservoir volume :
where ∆t is a small time interval. Combining Equations (1) and (5), and integrating between H = H 1 at t = t 1 and H = H 2 at t = t 2 , it yields : (Fig. 4, appendix) . These values are larger than those predicted by ideal-fluid flow theory and data for orifice flow discharging horizontally : C D = 0.60 (e.g. TROSKO-LANSKI 1960) . For an orifice flow discharging vertically, the fluid is accelerated between the orifice and the vena contracta. Equation (7) does not account for the difference in elevation between the orifice and the vena contracta. Video pictures suggest that a "pseudo-vena contracta" occurs at about z -1.0*b o . The observation is subjective as the fluid is accelerated. (For a horizontal two-dimensional orifice, the vena contracta is observed about 1.7 times the orifice height downstream of the orifice (e.g. MONTES 1998, pp. 283-284).). Equations (1) and (7) Figure 4 , the results for low ratios H 1 /b o (i.e. less than 4.5) must be considered with due care. First the duration of the jet flow is short before the appearance of a free-surface flow (or weir overflow), and the data accuracy is average. Secondly the assumption of a "pseudo-vena contracta" at z -1.0*b o might be untrue. For a horizontal sluice gate, it is acknowledged that the flow is unstable when H 1 /b o < 4 where the sluice gate opening is b o /2 (e.g. MONTES 1997 MONTES ,1998 . For completeness, the writers wish to highlight the sensitivity of C D ' to the vertical location of the pseudo-vena contracta. Although the present selection (z/b o = -1) is subjective, the results are consistent with independent visual observations of the nappe contraction.
Discussion : modification of the orifice shape
For one series of experiments, the orifice geometry was modified by inserting some 18-µm thick cellophane sheets between the stiffener edges and the orifice (Fig. 5) . The cellophane sheets were added to minimise the possible effects during the bursting flow and the spreading of the leading edge of the jet. The cellophane sheets were clipped onto the stiffeners with a smooth rounded cover. The sheets were slightly wider than the orifice width (B o = 0.75 m) and they extended up to 2-m below the orifice. Video-pictures showed that the plastic cellophanes were stretched between the stiffeners and the orifice edges and they adhered to the jet interfaces without affecting visually the jet flow, but very close to the outer edges of the free-jet. Experimental results expressed either in terms C D (Eq. (1) It is believed that the plastic sheets induced three effects : a convergence (δ = 16º) into the orifice, a smoother wall roughness upstream of the orifice edges, and a "smooth-rounding" of the orifice edges. Several researchers showed that a convergence of the reservoir boundaries increases the discharge coefficient of an orifice (Table 2 ). For irrotational motion of ideal fluid, the contraction coefficient C c rises from 0.61 to 0.65 for δ = 0º and 16º respectively assuming zero gravity and for an infinite reservoir (e.g. MONTES 1997). The plastic cellophane sheets created further smooth convergent walls. It is expected that lesser energy losses and hence a greater velocity coefficient C v would occur. Notes: C c : contraction coefficient; C D : discharge coefficient; (*): re-analysis and correction by the first writer.
Altogether these combined effects does not explain entirely the increase in discharge coefficient. It is proposed that the plastic cellophanes induced a smooth rounding of the orifice edge which in turn generated a form of Coanda effect leading to a thicker free-jet. That is, the flow streamlines would tend to follow the plastic sheet curvature and a smaller contraction coefficient would be observed. Visual observations from both inside the reservoir and below the orifice suggested a lesser streamline contraction associated with some flow attachment to the plastic cellophanes. Note that, during the experiments, the plastic cellophanes had no effect on the air resistance in the near flow region., but it is acknowledged that long plastic cellophanes would affect air resistance for long free jets.
Experimental results. (3) Velocity field
Detailed velocity measurements were performed in the reservoir upstream of the orifice. Typical data are shown in Figure 6 . The data are presented as versus H/H 1 , where V is the V/ 2*g*H 1 velocity component (V x or V z ), is the maximum ideal-2*g*H 1 flow velocity at the orifice, H is the instantaneous total head above orifice and H 1 is the initial total head (i.e. H 1 = H(t=0)). Each curve corresponds to a fixed sampling volume (i.e. x/b o and z/b o constant). The data were recorded on the short orifice centreline (i.e. y 0). Figure 6 (A) shows the vertical velocity component data V z measured on the orifice centreline (x = 0). The measured free-surface velocity is also shown. Firstly note the scatter of the data that is characteristics of the ADV noise (see above). Secondly the results show some fluid acceleration next to and upstream of the orifice : i.e., for z/b o < 3.5. Above the water velocity is basically equal to the free-surface velocity. Close to the orifice, the velocity magnitude decreases with decreasing total head : i.e., for 1 < z/b o < 3.5. Figure 6 (B) presents experimental data recorded above the orifice edge (i.e. x/b o = 0.5). The graph shows smoothed data (using a box technique) with the same legend for the right and left figures. The vertical velocity component data have the same trend as on the centreline (x=0) (Fig. 6(B) right) . There is however a horizontal velocity component which becomes significant for z/b o < 2 (Fig. 6(A) left) . Figure 6 (C) shows measurements performed away from the orifice (i.e. x/b o = 3.6). The (smoothed data) results show that, for decreasing vertical elevation above orifice, the V x velocity component increases while the V z component decreases. The trend is consistent with the change in streamline direction (e.g. Fig. 7) . Overall the results are in agreement with irrotational flow analysis. Figure 7 presents a two-dimensional flow net analysis for H/b o = 10. (Close to the orifice, several equipotential lines were not drawn for clarity.)
Conclusion
The present study presents the unsteady pattern of a rectangular orifice flow discharging vertically. The experimental investigation was conducted in a large-size facility with a rectangular orifice (0.75-m by 0.07-m). The orifice flow discharged vertically up to 1.2 m 3 in about 10 seconds. The results highlight four successive flow patterns ( Table 1 ). The gate opening is characterised by an initial phase with rapid aeration of the water next to the orifice (mixing flow), followed by the flow acceleration and free-jet expansion downstream of the orifice (bursting flow), a quasi-steady flow period and, near the end, a free-surface overflow. The quantitative characteristics of each phase were developed. The discharge coefficient of the vertical orifice flow was found to be very close to that of horizontal orifice flows, although a correction had to account for the vertical jet geometry (Eq. (1b)).
The results are consistent with the observations of jet width and thickness. Larger discharge coefficient results were obtained with a converging orifice. The unsteady velocity field is consistent with potential flow calculations. Some fluid acceleration is observed next to and upstream of the orifice (i.e. for z/b o < 3.5) while elsewhere the vertical velocity nearly equals the free-surface velocity. The good agreement between experimental data and ideal-fluid flow theory suggests that boundary effects are small and that the shape of the orifice has little effect provided that the ratio of width to thickness is greater than 10. In practice, the study provides a newer discharge coefficient correlation for two-dimensional vertical jets, and the result is basically free of scale of effects. Further the experimental results showed that the flow upstream of the orifice is basically an idealfluid flow but for the short instants following the gate opening. It was also shown that a sudden orifice gate opening is associated with complex two-phase flow patterns and significant splashing. Further investigations are required to gain a better understanding of the velocity field in the initial phases (mixing and bursting flow). High-speed data acquisition coupled to a high-speed resolution velocitymeter would be needed. 
